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Test�analysis correlation is an important aspect of the verC]cation of analysis models which are used to predict on-orbit

response characteristics of large space structures. This paper presents results of a study using reduced analysis models for
performing dynamic tesdanalysis correlation. The reduced test-analysis model (TAM) has the same number and orientation of

degrees-of-freedom (DOF) as the test measurements. Two reduction methods, static (Guyan) reduction and the Improved
Reduced System (IRS) reduction, are applied to the test�analysis correlation of a laboratory truss structure. Simulated test

results and modal test data are used to examine the performance of each method. It is shown that selection of DOF to be
retained in the TAM is critical when large structural masses are involved. In addition, the use of modal test results may

provide difficulties in TAM accuracy even if a large number of DOF are retained in the TAM.

Verification of analytical models using ground vibration test

results is common practice in many aerospace applications.

In many cases a finite element model (FEM) is used to

analyze the structure and determine its response due to
various excitations and under various boundary conditions.

Verification of the FEM is thus required in order to use with

A test-analysis model (TAM) is an analytical model reduced
to the same DOF as the instrumented DOF in a modal test.

The TAM provides a direct link which allows the modal

parameters of the FEM to be correlatod to the test. This link

is depicted in the schematic of Fig. 1. The full structure

FEM model consists of a relatively large number of DOFF, n.

confidence the model to produce response or load predictions. In contrast, the test model typically has fewer DOF. r, equal

The verification process is centered on ground lest results,

and a subsequent correlation of the analysis predictions of

these quantities is then conducted to verify the FEM

accuracy. This correlation is traditionally limited to
comparison of modal parameters, primarily frequencies and

mode shapes since terms from the FEM mass and stiffness
matrices cannot be explicitly verified on the basis of

laboratory tests. However, the FEM and test results typically

cannot be directly compared since the FEM often contains
many more degrees-of-freedom (1301=) than the responses

recorded in the test configuration.

One approach for allowing the test/analysis correlation is to
reduce the FEM to the same DOff as those measured in a

test. A number of studies involving test/analysis correlation
of spacecraft have been previously reported in the literature
[1-6]. This paper uses analytically derived "test" results to
demonstrate the reduction methodology, and includes an
application to a large-order problem from the class of flexible
space structures proposed for future missions. Two reduction
methods are selected for detailed study. Results are presented
to demonstrate each method's accuracy through appfication to
a laboratory truss structure using experimental test data.
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in size to the number of instrumented test DOF. For the test

model the number of test modes, m, is often smaller than r.

A model reduction procedure yields the TAM from the

analysis results, of dimension r x m, which can be direcdy
correlated with the test results.

A variety of model reduction methods with varying levels of
complexity have been developed over the past quarter century

[7-12]. These methods can be categorized by the information
used in the reduction procedure as either static, dynamic, or
exact reductions. A common feature of each is the

development of a Ixansformation matrix, referred to herein as
"D'. This matrix relates the DOF retained in the analysis set
to those DOF omitted, and is used to form the reduced mass

and stiffness matrices (Fig. 2.). Each reduction method yields
a different transformation matrix. However, the solution

procedure for the reduced system is identical for each method

once the transformation numix has been developed.

In previous works [13,14], the transformation matrices

produced from several different reduction methods have been

compared. In general, static methods involve frequency-

independent transformations. In contrast, the dynamic and

exact reduction methods consist of frequency-dependent
transformation matrices, which use modal properties of the

full system to compute the reduced system matrices.

Inasmuch as the the static methods are not dependent on

knowledge of the full system modal properties, they produce

reduced models for more general application. In this study.

two static methods, Guyan reduction and the Improved



Reduced System (rRS) reduction,were selected for detailed
evaluation and a_lication to example problems.

Guyan reduction [7] has been a frequently used method in

structural analysis. The 1RS reduction method [10] was
developed as an improvement to Guyan reduction. Reduced

models derived from both methods reproduce information

from the full system stiffness matrix, therefore they are exact
for static equilibrium situations. The methods differ,
however, in their u'eatment of inertial effects of the omitted

degrees-of-freedom 03OF). Guyan reduction does not account
for inertial forces at the omitted DOF. However, the IRS

method uses the Guyan-reduced solution as a first

approximation and then develops an inertial force correction
factor. Therefore, when mass associated with the omitted

DOF is significant, the IRS method is expected to perform
better than the Guyan method.

Application Example

The model reduction and correlation procedures are applied to

the test/analysis correlation of a laboratory structure. The
focus structure was a ten-bay, cantilevered truss structure

constructed of erectable aluminum joints and truss members.
This truss.is one of a series of structures being used in the

Dynamic Scale Model Technology (DSMT) research program
at NASA Langley Research Center [15]. Each bay of the
generic truss is a cube with the side dimension of 1.64 feet.

The generic truss possesses several properties which make it
similar to many large, flexible space structures. The presence

of a large concentrated mass on a relatively light, distributed

mass structure is one such similarity. Two square plates were
attached to the free end of the truss. These plates weighed

86.25 Ibs., and accounted for approximately 60 percent of the
total test article weight of 147.4 lbs. Dynamic characteristics

of the response exhibited by the truss resemble those for

large space truss structures, as well. The truss responds with
low, closely-spaced frequencies and light damping.

Using MSC/NASTRAN, each truss member was modeled as

a rod element, with an effective axial stiffness to account for

the presence of the joint. With 44 nodal points on the truss

Model Reduction Studi¢-¢

Prior to correlating the TAM with the test results, accuracy

of the TAM must be established. This is evaluated by
reordering and partitioning the FEM modes to the same DOF

as the TAM and correlating the TAM with the partitioned
FEM modes. In this paper, three criteria are used to evaluate

accuracy of the TAM predictions relative to the exact system
modes or to the test results: !) frequency error, 2) Modal

Assurance Criterion (MAC), and 3) Cross-orthogonality

(XO). The first criterion indicates the ability of a TAM to
predict frequencies of the exact system. The two latter criteria

indicate the accuracy of the TAM's mode shape predictions.

In many actual situations for large space structures, a large
.............. measurements may not be available to

ensure adequate representation of the truss spatial properties

and mass distribution. Consequently, a comparison of the
reduced models' performance is conducted using two models
with a reduced number of DOF on the truss section and on

the tip plates. Arrows in Figures 5 and 6 indicate the

location of a DOF retained in the reduced system model. The
first DOF set retains 26 DOF in the reduced model. Set 2 is

identical to that used in set ! except for the removal of the

tri-axial DOF on the tip plates. Since the tip plates account
for such a large percentage of the total structural mass, this

simulates the effects of not fully instrumenting a large mass
on a space structure.

Table ! compares the resulting frequency errors for the two

reduction methods. For the trust set. the Guyan-reduced model
produces significantly larger frequency errors than the IRS

method for the truss axial mode and for the higher bending
and torsion modes. Additionally, the effect of not retaining

the DOF on the tip plates impacted the Guyan method

significantly more than the IRS method as evident by the
relative frequency errors for set 2. Prediction of the higher

truss modes by the Guyan method resulted in large frequency
errors. Also with set 2, the eighth FEM mode was not
predicted by the Guyan-reduced model. This result is not

unexpected due to the inaccurate treatment of inertial effects

of the omitted DOF by the Guyan method. Conversely, the
and 16 nodal points on the plates, the FEM analysis contains IRS TAM predictions were accurate, with the exception of an

180 translational DOF. Analysis frequencies of theli_thine _percent error for the eighth FEM mode. Interestingly, the
vibration modes are shown along with the mode shapes in IRS-reduced model was able to accurately predict the sixth
Fig. 3. The global modes consist of three closely spaced

bending mode pairs (BI-B3), two torsional modes frl and
T'2), and one axial mode (AI).

Modal tests of the genetic truss were performed to determine

vibration frequencies and mode shapes using 98 translational

accelerometers and two excitations [16]. As depicted in Fig.
4, the truss dynamic response was measured at each of the 44

truss nodal joints in two directions perpendicular to the truss

longitudinal axis. Axial acceleration measurements were also

acquired at the two driving points, at the four truss nodes of
the free end. and at the four nodes of the truss mid-frame.

system mode, an axial mode, even though only 2 axial DOF
were retained in the second sensor seL

The resulting MAC and XO mode shape correlations for each

reduction method are displayed in Figures 7 and g. For set !,

the XO correlation values from the Guyan method degrade at

the higher modes. In particular, correlation parameters for the

sixth, eighth and ninth modes indicate a loss in accuracy.

These mode shape results correspond to the larger frequency
errors in Table 1. Correlation values for the modes with the

IRS model show excellent accuracy in predicting the full
system mode shapes.
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When all of the DOF were eliminated from the plates in set " examination of the IRS method using actual test data is

2. the mode shape correlations become increasingly difficult required to explain the poor correlation.
to interpret as seen in Figures 9 and t0, Correlation
parameters for the higher modes using the Guyan method

dropped below a value of 90. Also, the magnitude of the off-

diagonal correlation values become large, indicating the

inability of the reduction methods to produce uncorrelated

mode shapes without retention of sensors on the tip plates.
In almost all cases, the IRS method produced diagonal terms

near 100. However, the first mode of the IRS TAM produced

Assessment of Results

The previous section demonstrated that the 98 DOF sensor

set is more than sufficient to produce an accurate TAM.

Additionally. the MAC values using both reduced models

produced comparable mode shape correlations with the test

mode shapes. Hence, the poor XO correlation described above
a XO correlation value of approximately 200 with respect to is attributed to the IRS-reduced mass matrix. This can be

the eighth FEM mode. This corresponds to the large explained by examining the correction terms added to the

frequency error of over g percent for this mode in Table l. Guyan-reduced mass matrix by the IRS method. The

TesffAnalvsis Correlation

Frequency correlations for the reduced system analysis, using
both Guyan and IRS reduction, and the test results using 98

DOF are presented in Table 2. Test frequencies as displayed
in the table are generally lower than the analysis frequencies.

This trend is not unusual in practical situations since local
compliances in the test structure are often not modeled

accurately with a limited discretizadon. The test results
indicate that the second torsional mode, T2, had a higher

frequency than the first mode of the third bending mode pair
(B3). Thus, modes seven and eight switched their order of

occurrence with respect to the analysis results. This is most

likely caused by an unmodeled rotational stiffness in the test

configuration such as the excitation shaker attachment to the

truss. Accordingly, the frequency errors displayed in Table 2

for both reduced models correspond closely to those obtained

from the full model analysis. Frequency errors are

comparable for the two methods and are generally small
except for the first truss torsion mode, which has an error

over 10 percent. Further refinement of the tip plate mesh

density would more accurately account for the plate rotational
inertia and improve the frequency correlation for this mode.

correction term is subject to inordinately large values, in

particular when large mass terms are contained in the omitted

DOF. For the truss application problem only four node
points on the tip plate are retained in the 98 DOF sensor set.

Accordingly, the majority of the plate mass is contained in
the omitted set of DOF. This causes the IRS correction term

to become extremely large and results in a poorly slxucturcd
reduced mass matrix for this example.

Based on the simulation study results the IRS method would
be expected to produce more at.curate mode shape correlations

than the Guyan method using the modal test data. The IRS-

reduced model ptxxiuced excellent correlation results when the
partitioned FEM mode shapes ate used in the correlation.

However. the results shown in Fig. 12 indicate that the

cross-onhogonality correlation parameter using the IRS-
reduced mass matrix is sensitive to inaccuracies in the test

mode shapes. Also, errors introduced by extraction of the test

modes from the parameter estimation algorithms contributed

to the inaccurate correlations presented above. Consequently,
use of the IRS method with laboratory test results, which

involve structures with large masses that are not fully

instrumented, requires the analyst to select carefully the
omitted DOF.

Correlation of the reduced model mode shapes and test mode ......
shapes using the MAC criterion is displayed in Fig. 11. The
MAC correlations for both methods are identical. All Each of the reduction methods can provide acceptable

diagonal terms are near 100. which indicates the modes accuracy with a sufficient, but often large, choice of DOF

predicted by each method have the same shape and are close retained in the reduced model. The analyst must place
to the test modes. Recall that modes seven and eight of the increased emphasis on selecting a proper set of reduced DOF
test reversed their order of occurrence as seen in the and on selecting a reduction method consistent with the DOF

correlation graphs at the seventh and eighth row positions, of choice, all within appropriate limits for the structure
being analyzed. It is important to understand the accuracy and

When the reduced mass matrices are introduced via the XO limi_tious of_h method prior to its use in order to select a

correlation criteria, results are significantly different for the
two methods. The Guyan reduced model demonstrated

excellent conelation with the test results as depicted in the

left-hand graph of Fig. 12. Generally, all the diagonal terms

are neat 100 and only a small number of off-diagonal terms

are present. In contrast, the IRS method produced poor
correlation values as shown in the right-hand portion of Fig.

! 2. Many of the off-diagonal terms exceeded a value of 50,
while the diagonal terms were also very low. Further

reduction method consistent with the structure being analyzed
and the level of fidefity w.quired.

In general, this study confirmed that use of the IRS reduction

method has several advantages over Ouyan reduction.
Simulated results indicate the IRS method produces

comparable or better results than the Guyan method in most

applications. The IRS method produced accurate frequency
predictions in all cases considered. Also, it provides an
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accurate tool for performing pre-test analysis, wherein, the
full system FEM is used in the correlation. These

observations are consistent with those presented in the
literature.

Difficulties observed with the IRS method using laboratory

test data, when large masses are omitted, is a result

previously unreported in the literature. This is a subject
requiring further research before the IRS method can be used
for general applications. Development of criteria which

define operating limits for the method is required. Moreover,

additional studies need to be conducted using laboratory test
data from realistic structures. These results place increased

burden on the analyst to select carefully the omit_ted DOF and

to consider the most appropriate method for the application.
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Mode
Number

1
2
3
4
5
6
7
8
9

Table !. Effect of Plate Mass DOF Selection on Model Reduction Accur_y.

Mode

Shape
BI
BI
TI
B2
B2
AI
T2
B3
B3

Guyan
0.006
0.010
0.207
0.911
0.956
8.209
3.544
6.074
7.134

Frequency Error (%)
Set 1 Set 2

IRS
0.005
0.003
0.000
0.001
0.000
0.001
0.011
0.116
0.069

Guyan
1.41 l
0.761
4.601

14.542
5.665

18.811
23.383

Ib

21.298

* Mode not predicted.

IRS
_0.005

0.008
0.004
0.106
0.001
0.077
1.097
8.112
0.212

Table 2. Reduced Models and Test Frequency Co_relation Using 98 DOF.

Mode
Num_r

1
2
3
4
5
6
7
8
9

Mode

Shape
BI
B1
TI
B2
B2
AI
"1"2
B3
B3

Frequency (H
Test

3.910 '
3.980

25.780
35.370
37.000
45.270
88.920
88.500
92.550

Guyan
4.095
4.179

28.547
35.475
37.347
49.892
86.543
89.708
94.451

:)
IRS

4.095
4.179

28.546
35.465
37.334
46.195
86.532
89.428
94.081

Frequenc_

Guyan
4.7
5.0
10.7
0.3
0.9
9.1
2.7
1.4
2.1

Error (%)
IRS

4.7
5.0
10.7
0.3
0.9
1.0
2.7
1.0
1.7
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FINITE ELEMENT TEST-ANALYSIS TEST
MODEL MODEL MODEL

a,? :I I [
m_

m

n DOF r DOF

n Modes m Modes m Modes

w w

r DOF

Figure 1. Test-analysis model concept.

FEM EQUATION OF
MOTION:

PARTITION FEM
DOF

Mr_Orr_M + Kv_ U_. u = 0

RELATE OMll-rED DOF
TO TAM DOF

Ue -- TUT,_

DEVELOP
TRANSFORMATION
MATRIX FOR TAM

CREATE TAM
MATRICES

T = llJ UF_.X=77Jr_ I UU"_,} =/k-_._IT_

MT,,_ =TrMrmT=M +DrM,. +M.D +DTM

r T D r rKr_ =T Kr_ =K + K. +K D +D K**D

D

TAM EQUATION OF
MOTION

MTAj_ _]r, ur + KT_ UT,.M = 0

Note: a - TAM DOF
o = Omitted DOF

Figure 2. Development of TAM from FEM.
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B1 T1
(4.095 Hz, 4.179 Hz) (28.546 Hz)

B2 A1
(35.465 Hz, 37.334 Hz) (46.194 Hz)

T2 B3
(86.532 Hz) (89.428 Hz, 94.018 Hz)

Figure 3. Truss analysis mode shapes and frequencies.
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Z _ _,- 3 DOFS (X-Y-Z)

X

Figure 4. Accelerometer locations for modal test of generic truss.

Figure 5. Set 1 retained DOF.

Figure 6. Set 2 retained DOF.
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MAC GUYAN - TEST MAC IRS - TEST
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Figure 12. Modal assurance criterion (MAC) correlation for Guyan and IRS TAM vs. Test using 98 DOF.
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Figure 13. Cmss-orthogonality criterion correlation for Ouyan and IRS TAM vs. Test using 98 DOF.
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